The theoretically unlimited spatial resolution of fluorescence nanoscopy often comes at the expense of time, contrast and increased dose of energy for recording. Here, we developed MoNaLISA, for Molecular Nanoscale Live Imaging with Sectioning Ability, a nanoscope capable of imaging structures at a scale of 45-65 nm within the entire cell volume at low light intensities (W-kW/cm 2 ). Our approach, based on reversibly switchable fluorescent proteins, features three distinctly modulated illumination patterns crafted and combined in a novel way to gain fluorescence ON-OFF switching cycles and image contrast. By maximizing the detected photon flux MoNaLISA enables prolonged (40-50 frames) and large (50 x 50 µm 2 ) recordings at 0.3-1.3 Hz with enhanced optical sectioning ability. We demonstrated the general use of our approach by 4D imaging of organelles and fine structures in epithelial human cells, colonies of mouse embryonic stem cells, brain cells, and organotypic tissues.
Main
Observing the interplay of organelles and macromolecular complexes inside living cells and tissues calls for the continuous development of minimally invasive optical systems performing at high spatio-temporal resolution. Nowadays, the spatial resolution of fluorescence nanoscopy approaches the nanoscale (10-50 nm) by optically controlling the ability of molecules to fluoresce either in a deterministic or stochastic fashion 1, 2, 3, 4, 5 . However, the current approaches to fluorescence nanoscopy, even if powerful, are often limited by high doses of light, low contrast, small fields of view or slow recording times.
The problem of high illumination doses was partially overcome by approaches like Reversible Saturable OpticaL Fluorescent Transition (RESOLFT) 6, 7, 8 by using reversibly switchable fluorescent proteins (rsFPs) 9, 10, 11, 12 . Here, the coordinate targeted fluorescence ON-OFF switching of the rsFP requires intensities in the range of W-kW/cm 2 to produce images with sub-100 nm spatial resolution. Modern Wide-Field (WF) RESOLFT implementations 13, 14 can reach relatively fast acquisitions of large fields of view. However, WF-RESOLFT imaging is mostly limited to bright cellular structures in 2D. This limitation stems from the fact that the uniform illumination used to switch in the ON state and to read-out the rsFP causes unnecessary switching and generates signal from out-of-focus planes of the specimen, which hampers the image contrast in 3D samples. Furthermore, even the signal generated by adjacent emitting spots in the focal plane is severely affected by crosstalk, especially in a highly parallelized implementation.
Other approaches such as Non-Linear Structured Illumination Microscopy 15, 16, 17 and its recent implementation featuring Patterned Activation 18 also minimizes the illumination dose if applied to rsFPs 19 . Here, the super resolution information is encoded in the frequency space of the image and therefore has to be extracted through image processing, which is prone to artifacts 20 . This is especially relevant in dim structures with moderately low signal to noise ratio (SNR) such as in cells exhibiting endogenous levels of rsFP fusion expression and in 3D samples where out-offocus background dominates. A nanoscope able to record robust raw data rapidly and with sub-100 nm spatial resolution across the entire 3D space of cells and tissues is still missing.
To overcome these limitations, we developed MoNaLISA (Molecular Nanoscale Live Imaging with Sectioning Ability), a nanoscope featuring a novel combination of light patterns for an efficient use of ON-OFF switching cycles to enhance the image contrast and resolution. The imaging is performed with the progression of three light illuminations for ON-switching, OFFswitching and read-out of the rsFPs (Fig 1a) . Each illumination step is modulated in space. Both ON-switching and read-out are composed of N individual foci 21, 22 , separated by the same multifoci periodicity P MF . The OFF-switching pattern, responsible for the sub-diffractive resolution, features standing waves with multiple intensity minima at a periodicity Psw. By aligning these minima with the microlens maxima, the emitting spots are confined beyond the diffraction limit giving the super resolution ability.
The independently generated light patterns allow choosing the smallest P SW in order to reduce the light doses of the OFF pattern ( Supplementary Fig. 3 ) and the optimal P MF to maximize the photon collection as well as the sectioning. In fact, the fluorescence emitting spots are well separated only when P MF is larger than the detection point-spread-function ( Fig. 1b , left graph, green area). On the contrary, small P MF lead to a much closer distance between adjacent emitting regions ( Fig. 1b , right plot, green area), which cause severe crosstalk ( Fig.1c ). Considering instead the distinctly separated fluorescence foci of MoNaLISA, we can record most of the signal by applying an optimal digital pinhole with a FWHM of ~ λ/2NA. Thus, we maximize the photon collection efficiency without compromising the quality of the image (Fig. 1d , green dotted line). In WF-RESOLFT since P MF and P SW are coupled, highly parallelized interference OFF patterns will result in closer emission foci. Hence, the extraction of information requires using either a very small digital pinhole in the detection or intensive computational unmixing.
These will cause a loss of signal ( Fig. 1b , right plot, grey area) eventually resulting in images with low SNR or possible artifacts due to the error-prone reconstruction algorithms, respectively.
As an example, digitally pinholing with a Gaussian FWHM of 50 nm, as used in previous WF-RESOLFT implementations, led to more than 60% loss in SNR ( Fig. 1d , grey dotted line). This way the majority of the proteins are kept in the OFF state and only a few of them are exposed to the intensity maxima of the ON and OFF-patterns in the same cycle, which is extremely important to minimize unwanted cycles and photobleaching. In WF-RESOLFT the entire population of rsFPs are repeatedly exposed to peak intensities of both the ON and OFFswitching light causing unnecessary cycling, especially in 3D.
In addition to saving ON-OFF cycles and enhancing the detection efficiency, the use of multi foci patterns for ON-switching and read-out enables, for the first time in a parallelized rsFPbased imaging approach, confocal optical sectioning and sub-100 nm lateral resolution simultaneously. Two factors contribute to the sectioning ability of the nanoscope. First, the confinement of the signal generated by focused light is further enhanced by the progressive rsFPs absorption of the ON-switching and excitation focused light, which leads to a quadratic dependence in the intensities (Supplementary section 4). Second, digital pinholing in detection rejects potential out of focus emission further improving the sectioning ability of the system.
Our experimental implementation of MoNaLISA featured N = 4356 foci generated with two square microlens arrays ( Supplementary Fig. 1 ). We chose P MF = 750 nm, Psw = 250 nm and a FWHM of 250 nm for the digital Gaussian pinhole. These values were carefully chosen in order to achieve optimal results in terms of optical sectioning (Supplementary section 5-6 and Supplementary Fig. 4-9 ). For the rsFPs employed in these experiments we used 405 nm and 488 nm light for the ON-switching and readout multi-foci patterns, respectively. The OFF-switching pattern was also generated with 488 nm light.
We first imaged a human knock-in cell line expressing endogenous level of vimentin-rsEGFP2 ( Fig. 2a ) 23 . The image has been reconstructed from 900 raw images recorded by scanning an area of 750 x 750 nm 2 (foci to foci) with 25 nm steps. Each raw image is based on a switching cycle duration within 1.6-3.5 ms ( Supplementary table 1 ). The reconstruction is simply used to assign the detected photons to a certain pixel and it does not force a priori conditions (Supplementary section 2). The improved spatial resolution is then the result of the spatially confined emission of fluorescence and it is not imposed by processing. MoNaLISA imaging clearly resolved endogenous vimentin stretches with sizes down to 45-65 nm ( Fig. 2b-g ), which would have been indistinguishable in wide-field and even in the enhanced confocal images acquired without OFF-switching. Importantly, the improved contrast enabled us to image small and dim filaments, which would have been missed with previous WF-RESOLFT implementations due to the lower SNR caused by inefficient photon collection ( Supplementary   Fig. 2c-d ) and out-of-focus background.
The enhanced photon collection and minimal fatigue enabled to collect multiple optical sections of cells and tissues. Here, we demonstrate the optical sectioning performance of MoNaLISA by recording a stack of 28 super-resolved frames spaced 100 nm along the third dimension (Fig. 3a) .
The optical sectioning of MoNaLISA is about 1.4 higher than in confocal microscopy (Supplementary section 4 and Supplementary Fig. 5 ) and it can be easily extended to different cell lines and tissues. As an example of general applicability of the concept, we present multiple super-resolved z-stacks recorded in human epithelial cells (Supplementary Movie 1-2), mouse astrocytes ( Supplementary Fig. 11 ), organotypic tissues ( Fig. 3c ) and embryonic stem cell ( Fig.3d and Supplementary Movies 3). The super-resolution imaging ability is applied up to 15 µm from the growth surface and allowed to resolve actin bundles at resolutions of 50-70 nm, which stretched along the depth of the entire cell ( Supplementary Fig. 11 ). The volumetric imaging was also extended over time to study the whole re-arrangement of the stem-cell colony ( Fig. 3e ). Increased imaging depth can be achieved with the use of glycerol/water objective lenses with a correction collar to correct for spherical aberrations or dedicated adaptive optics 24 25 . The fluorescence signal gained in MoNaLISA, the diminished doses of light and the possibility to use genetically encoded markers for live cell imaging make MoNaLISA a suitable tool to study the rearrangement of the cells over time with nanoscale resolution and without compromising the viability of the cell ( Supplementary Fig. 12 and 13 ). hippocampal neurons ( Fig. 4c-e ) were unraveled by monitoring the actin dynamics in the time windows of seconds and minutes. Due to the enlarged field of view we could spot the formation of small actin loops (Fig. 4b) , the creation of a cup-shaped dendritic spines ( Fig. 4d ) as well as the formation of actin branches at sub-80nm step size ( Fig. 4e ), which have been followed over time without loss in either spatial resolution or image quality. Additionally, we applied MoNaLISA imaging to examine the continuous sliding of mitochondria above and below each other as super-resolved hollow organelles ( Fig.4f and Supplementary Movie 8). Their fine changes in morphology during fusion and fission are caught in several sequential volumetric recordings across seconds.
We have demonstrated that MoNaLISA enables entire living cells and tissues to be studied in 4D
with an unprecedented combination of spatio-temporal resolution and minimal doses of light.
The efficient use of ON-OFF switching cycles in combination with intrinsic optical sectioning and optimal photon collection enabled the imaging of subcellular structures at the nanoscale at endogenous, physiologically relevant expression levels, which would have been missed in previous implementations. The collected data are in good agreement with simulations and theory, which confirmed the improvements in image quality. The time resolution did not yet reach its theoretical limit. Faster camera technology, as well as condensed acquisitions in a single camera exposure as in instant SIM 26 has the potential to maximize the recording speed.
Finally, MoNaLISA advances several aspects in the fields such as image contrast, speed and high throughput with larger fields of view. Hence, it paves the way for new molecular and cell biology studies of living cells and tissues in 4D that were previously inaccessible.
Methods

MoNaLISA set-up
MoNaLISA set-up is described in Cobolt) which are collimated and expanded by a telescope (AC508-30-A-ML and AC508-250-A-MLThorlabs) and then focused into the back focal plane of the objective by the same lens used in the previously described multi-foci optical path (AC508-300-A-ML, Thorlabs).
Image Acquisition
MoNaLISA imaging is based on a three step illumination and piezo scanning scheme After image acquisition the data file is processed in our custom image reconstruction software. The software quantifies the amount of emission from each emitter in each step of the imaging scan through a digital pinholing process. The quantified signal is then re-assigned to form the final image. We applied bleaching correction between frames to compensate for switching fatigue and we correct for further salt and pepper noise found in our sCMOS camera.
A detailed description of the full reconstruction procedure is provided in the supplementary text.
All the reported images are raw data, to help visualization we either applied a Gaussian smoothing of 20 nm (Fig. 2, Fig. 4 and Fig. 6D ) or an up-sampling with a bilinear interpolation 
